The motion responses prediction of side-by-side moored FLNG (Floating Liquefied Natural Gas) and 4 LNGC (Liquefied Natural Gas Carrier) under oblique waves is critically important to validate operational security.
Introduction

17
With the development of natural gas exploitation from offshore stranded gas reserves, FLNG 18 has attracted considerable attention as an effective platform for exploitation, processing, and 19 storage of the natural gas in remote offshore areas. Instead of a conventional method of gas 20 transportation through long pipelines, the cryogenic nature of liquefied natural gas (LNG) 21 determines a small distance between FLNG and LNGC with a side-by-side configuration in 22 offloading operation. Nevertheless, the side-by-side offloading under unexpected weather 23 conditions, in particular occasional oblique waves, might induce high risks of collision and large 24 motions of vessels. Thus, it is necessary to implement an accurate prediction of side-by-side vessel 25 motions to ensure safe operability. The objective of the present research is to experimentally and 26 numerically analyze the hydrodynamic performances of side-by-side FLNG and LNGC under 27 various oblique wave sea states. 28
Two problems are faced when predicting the motion of parallel arranged vessels in close 29 proximity-hydrodynamic interactions between floating bodies and viscous effect of gap water in 30
between. Both problems have been studied by many researchers. 31
For frequency-domain analysis of multi-body hydrodynamic interactions, Ohkusu (1969) hydrodynamic forces and responses of the bodies near the critical frequencies due to resonant 43 behavior of the water in the gap. The higher-order boundary element method (HOBEM) has been 44 used by Choi and Hong (2002) to investigate the hydrodynamic interactions of floating multi-body 45 system, including motion responses and wave drift forces, for the sake of computational efficiency 46 and convergence. Sun et al. (2015) used first and second order diffraction analyses to study 47
water Offshore Basin at Shanghai Jiao Tong University for a better understanding of the 112 hydrodynamic characteristics. The numerical method based on the time-domain code SIMO was 113 also validated. 114
In this study, hydrodynamic analysis of side-by-side offloading system was carried out under 115 different oblique waves, using the state-of-the-art software Hydrostar (Bureau Veritas, 2007) for 116 frequency domain calculation and an in-house code to implement the time domain simulation of 117 this multi-body system. Artificial damping method (Chen, 2005) 
Mathematical formulation
127
This article aims at investigating the hydrodynamic couplings between side-by-side FLNG 128 and LNGC system under oblique waves. Two free floating vessels are set parallel with a gap width 129 of 6 meters. The mathematical formulation describing this problem will be deducted in this section, 130 followed by its solving method in both frequency and time domain. 131
Coordinate system
132
To describe the hydrodynamic problem, three coordinate systems are established (Fig. 1) , 133 including two reference coordinate systems with subscripts of A or B to represent FLNG and 134 LNGC respectively, as well as the global coordinate system. 135
The origin of each reference system is fixed at the center point of water plane. The global 136 system origin is fixed at the center point of the gap surface. The x-axis directs positively towards 137 ship bow，while the z-axis directs vertically upwards. Regarding this double-body problem, 12( 2 6  ) degrees of freedom termed as generalized modes need to be considered to describe the 139 motion of two vessels in space. 140 Based on the small amplitude wave assumption and perturbation procedure, the linearized 145 boundary value problem can be derived and solved. The fluid motion is assumed to be harmonic 146 in time with the circular frequency  .The total periodic velocity potential in form of sinusoidal 147 oscillation can be expressed as 148 
Governing equations and boundary conditions
where h is the water depth, k is the wave number which satisfies the dispersion relation 
Artificial damping method
171
The artificial damping method (Chen, 2005) derives from the modification of inviscid 172 potential flow by introducing a fictitious force dependent on the fluid velocity in the momentum 173
where V is the velocity of water particles and  is defined as a damping factor. Hence, the 176 modified momentum equation is 177
178 where f is the inertia force(gravity here), while P represents the fluid pressure. Due to the fact 179 that this fictitious force not introducing any vorticity, though incorporating the viscous effect of 180 fluid motion, the existence of velocity potential is safeguarded. Bernoulli equation derived from (9) 181 can be expressed as 182
183 where  is the water density, g is the acceleration of gravity. Ignoring the second order item, the 184 wave elevation can be expressed as 185
For the linear boundary value problem, the free surface condition can be expressed as 187
Hence, the conventional free surface condition in equation (3) can be modified as 189 
Time-domain solution
223
A time-domain simulation is adopted to further simulate the hydrodynamic couplings 224 between side-by-side vessels. Based on the impulse response theory by Cummins (1962) , the 225 coupled equation in time domain can be written as 226 
where the indices i and j refer to body i and body j. The convolution term can be expanded as 244
The coupled time domain analysis was carried out with an in-house code using Fig. 2 (a) . It is observed that the 258 curves demonstrate the shape of delta function in the multi-body case, with huge spikes at 259 resonant frequencies induced by sloshing waves in the gap zone. Nevertheless, the introduction of 260 non-zero reduces the peak value of spikes. 261
Following the ideal fluid assumption of Lewandowski (2008) , the multi-body potential 262 damping can be represented in form of the summation of single body damping and delta function 263 modification as 264 It is observed from Fig. 2 (b) that the retardation function in the single body case fully decay 274 within 20s, while it takes much longer for multi-body case (over 150s). This is due to the wave 275 reflection within the gap region without viscidity. The long-lasting oscillatory sinusoid component 276 of retardation function in multi-body cases (blue line in Fig. 2) is undesired in time-domain 277 simulation for it causes the accumulation of motion energy and divergence of results. 278 Improvement should be made in frequency-domain results to simulate the dissipation of energy. 279
The higher introduced in frequency domain to suppress the resonance peak ( Fig. 2 (a) ), the 280 faster the retardation function (red line in Fig. 2 (b) ) will decay, making it easier for time-domain 281 simulation to converge in avoidance of unrealistic energy accumulation. In this study, a fine 282 frequency interval of 0.005rad/s and high frequency truncation up to 3rad/s are used in the integral 283 of retardation function. The retardation function with =0.05 gets sufficiently damped and thus 284 can be truncated at 300s. 285
To help understand the calculation process, the flow chart of multi-body frequency and time 286 domain simulation is made to clarify each step, as shown in Fig. 3 . 287 Before the implementation of artificial damping method, the right artificial damping 299 coefficient and the size of free-surface damping zone needed to be determined. Nevertheless, a 300 uniquely precise definition of the free-surface in the gap zone is often not possible particularly 301 when the two geometries are dissimilar in the present study. The selection of is also somewhat 302 empirical and mainly determined through tuning with tests results. The effectiveness of this 303 method can be justified only if the tuned  , after implementation of artificial damping method, can suppress the drastic free-surface motions near resonant frequencies. 305
Numerical and experimental models
In this study, a fixed value of  on the whole gap area following the method of Watai et al.
306
(2015) was decided by tuning the wave elevations from numerical simulation with experimental 307 data. The area of free-surface grid in this study covers the gap region along parallel midsection of 308 LNGC where 144 panels are generated, as seen in Fig. 4 . 309
In order to take into account the viscous drag of the roll motion, the linear viscous damping 310 coefficient of roll motion was added into the motion equation in both frequency and time domain 311 respectively. The frequency-domain roll damping coefficient can be derived from the time series 312 of decay tests in still water according to Zhao et al. (2013) . While in the time domain, the 313 appropriate roll damping added into the time domain motion equation can be achieved by tuning 314 the calculated decay curves with the test results according to Xu et al. (2015) . 315 system (see Fig. 4 ) so that the multi-body system is longitudinally symmetric. Each floating body 323 was horizontally moored with four soft springs, two at bow with 45°while two at stern with 45°. 324
Experimental set-ups
Soft mooring system is used to prevent the second order drift motions and fix their headings. The 325 stiffness of each spring is small enough to keep the natural periods of vessels' horizontal motions 326 far longer than wave periods. As a result, no interference between wave frequency motions and 327 low frequency motions would be caused by mooring lines. To prevent collisions and protect the 328 models in tests, two identical fenders (black strips in Fig. 5) , without any hawser, were placed 329 symmetrically about the midship on the interior water plane, while in numerical simulation no 330 mechanical coupling is taken into account. The longitudinal distance between the fender and 331 midship is 46 meters and the linear stiffness is 885.6 KN/m. The fenders were attached to FLNGwith no pretension and had little influence on the couplings between vessels because collisions, in 333 fact, rarely occurred in the mild wave conditions. 334
For the environmental condition, only waves were included without wind or current. The 335 tests were carried out in the water depth of 5m, corresponding to the water depth of 300m in 336 reality. The white noise waves, in full scale, had significant wave height of 3 meters to meet the 337 linear assumption and wave frequencies ranging from 0.25 rad/s to 1.25 rad/s to cover the main 338 response frequencies of floaters. Each test was run for duration of 3hours. The same white noise 339 wave spectrum was adopted in model tests incoming from three different angles 135,180 and 340 225deg, as illustrated in Fig. 5 . Calibration of white noise wave spectrum is shown in Fig. 6  341 The tests included decay tests and white noise wave tests. In white noise wave tests, 342 resistance-type wave probes were used to measure wave elevations in the gap. obtained from decay analysis (see Table 2 ). Based on the frequency-domain hydrodynamic 357 coefficients under proper , the time-domain viscous damping could then be selected with the 358 measured decay curves. 359
Artificial damping method application
360
The selection of damping coefficient  in equation (13) In most studies for a given gap width, a constant artificial damping  can be used to match 368 the test results in heading waves. Nevertheless, it is unknown that whether the value of is 369 susceptible to the change of wave directions, which remains to be validated in the present study. In addition to a brief analysis of gap water resonance, some interesting phenomena are also 386 observed in Fig. 7 . Firstly, wave elevations under oblique seas (Fig. 7 (a) (c) ) show smallthat the phase shift associated with surge damping might be responsible. Because in model tests, 500 the rotation of floaters owing to yaw motions would change their original surge damping, causing 501 variation of the motion phase angle subsequently. Hence, the measured relative surge motion 502 obviously differ from the one calculated based on linear assumption that neglect the rotation of 503 bodies. Also this explanation can be supported by the phenomenon that with the decrease of yaw 504 motions at high frequencies (>0.8rad/s), the calculated relative surge motion match well with the 505 test results. 506
Relative motions under head sea conditions are much smaller compared with those under 507 oblique waves (see Fig. 13 ), justifying the favorable wave direction among all. For example, the 508 relative roll resonance reaches its maximum of 6.74deg under the 135deg oblique wave while only 509 1.75deg under the head sea. For the oblique waves, the relative motion responses of surge, heave 510 and pitch motion demonstrate a highly damped mode. Under the wave direction of 135deg, 511 relative pitch is smaller than that under 225deg wave due to the shielding effect of FLNG on 512 LNGC. Spikes in relative heave and sway motion are aroused from strong couplings with roll 513 resonance. Peaks of the relative roll motion are associated with roll resonance of both ships and 514 the amplitudes are bigger when LNGC is on the weather-side (225deg wave). 515
At high frequencies, the influence of gap water resonance on relative motion is obvious for 516 sway and yaw motions, especially when LNGC at the weather side (225deg wave). shift approaching zeros, while the out-of-phase mode means they moving in opposed directions 526 when phase shift approaching 180deg. 527
In Fig. 15 , relative heave motions of both oblique waves show no sharp resonant peak, 528 though coupling effect of roll resonance is noticeable. For the relative roll motion, it is observed 529 that in-phase and out-of-phase resonant mode can respectively explain the peaks at frequencies 530 0.48rad/s and 0.56rad/s for two different oblique waves. Therefore, the roll resonance of FLNG, 531 whose natural roll frequency is 0.48rad/s, is quite dangerous that may give rise to a lateral 532 collision, especially under 225deg wave direction. 533
For the relative sway and yaw motions in Fig. 16 , it is observed that the resonant peaks at 534 high frequencies induced by gap water sloshing demonstrate a dangerous out-of-phase behavior. 535
This could be explained that the amplified free surface elevation between two hulls tends to dispel 536 and draw back the two vessels in opposed directions periodically. As a result, it is safer to subject 537 the FLNG against the incoming oblique wave at the weather side when the resonant free surface 538 elevations are effectively suppressed, as well as the transversal relative motions of sway and yaw. 539
For the sharp peak of relative sway motion aroused from couplings with FLNG roll 540 resonance, the phase shifts dependent on different wave directions decide the relative motion 541 predominantly. Note that out-of-phase mode happens under 225deg wave direction and in-phase 542 mode under 135deg wave. This indicates that drastic relative sway motion will be caused when 543 oblique waves coming from the side of LNGC (225deg) with considerable energy around FLNG's 544 roll resonance frequency. 545
The abovementioned resonance frequencies of relative motions are categorized and listed in 546 To reveal the oblique wave effect on FLNG system in side-by-side offloading operation, this 575 study focuses on the hydrodynamics of the FLNG system due to variation of wave directions. 576
Further research will incorporate the inner-tank sloshing effect and the mechanical couplings to 577 study the integrated hydrodynamic responses of the system under oblique waves. 578 Table list 661 
